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The  purpose  of  the  oontraot 
under  which  this  work  was  aocompllshed 
was  to  evaltiate  in  a preliainary  fashion 
the  possibilities  of  using  the  best  pre* 
sentlj  available  turbojet  engines  with 
afterburners  to  power  long  range  missiles. 
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SUMMAHY  and  conclosions 

This  report  gives  results  of  generalised  thermodynamic  cycle 
studies  of  the  turbojet  with  afterburner.  In  addition,  a more  de- 
tailed performance  analysis  is  given  for  a presently  available  en- 
gine to  determine  what  changes  are  required  to  make  this  engine 
suitable  for  use  in  supersonic  missiles. 

It  is  concluded  that  with  relatively  minor  changes  in  the  de- 
sign, an  existing  turbojet  engine  such  as  the  Vestinghouse  J^-10 
could  be  adapted  for  use  at  supersonic  flight  speeds.  The  changes 
requjired  include  material  changes  in  the  compressor  easing, 
first  four  compressor  disks  and  in  the  accessory  arrangement.  How- 
ever, it  will  not  be  necessary  to  change  the  design  of  compressor 
blading,  combustion  chambers  or  the  turbine.  The  chief  change  con- 
sists of  an  afterburner  redesigned  with  a supersonic  exit  nozsle 
and  a modified  fuel  control  system. 

It  is  concluded  that  supersonic  turbojet  missiles  have  prac- 
tical advantages  over  rocket  boosted  ramjet  missiles  such  as  the 
Navy's  Rigel  or  the  Air  Force's  Navaho  II  because  of  the  possibil- 
ity of  carrying  out  an  intensive  ground  development  program  on  the 
engines  and  a thorough  prs-fllgh 


Ligub  engine  check  uut.  This  factor 


does  not  show  up  on  tine  performance  curves  compared  to  the  ramjet 
but  should  contribute  substantially  to  an  increased  reliability  of 
this  type  of  power  plant.  For  example,  the  J40  engines  have  been 
running  for  several  years  and  are  presently  being  subjected  to  an 
Intensive  development  program.  By  the  time  a supersonic  missile 
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can  be  designed  and  built,  these  engines  should  have  achieved  a 
high  degree  of  reliability  and  efficiency. 

The  preliminary  design  studies  were  carried  out  on  typical 
supersonic  missiles  for  payloads  of  4,000  pounds  and  8,000  pounds 
respectively  at  cruising  flight  Mach  numbers  of  2*0  and  2«75«  It 
was  concluded  that  a small,  solid  propellant  rocket  velghing  about 
ten  percent  of  the  missile  weight  was  desirable  to  permit  aero 
length  take-off*  It  was  found  that  the  supersonic  turbojet  missiles 
have  a relatively  small  margin  of  thrust  over  drag  in  the  transonic 
regime.  As  a result,  a missile  with  a range  of  1,650  statute  miles 
would  accelerate  to  a Mach  number  of  1.0  and  an  altitude  of  35yOOO 
feet  in  a distance  of  40  miles.  It  would  accelerate  from  Mach  num- 
ber 1*0  to  a Mach  number  of  2*0  at  35»000  feet  altitude  in  a distance 
of  810  miles*  The  acceleration  and  climb  then  continues  tram  Mach 
number  2*0  to  a Mach  number  of  2*75  at  a total  range  of  920  miles. 

The  cruise  continues  at  a constant  Mach  number  of  N « 2.75  climbing 
to  an  altitude  of  63,000  feet  at  its  maximum  range  of  1,650  statute 
miles*  Utilizing  J40-10  engines,  it  was  concluded  that  at  least 
the  following  missile  performance  would  be  achievable* 


No*  of  engines 

Initial  Weight 

i'ayload 

Crxiise 

Cruise 

Range- 

per  missile 

(Incl.  Booster) 

Mach 

Number 

Alti- 

Tude 

Statute 

Miles 

Two  Engines 

84,000  lbs* 

''s^OOOll^ 

2*75 

63,000ft. 

1650 

One  Engine 

40,000  lbs* 

4,0002b. 

2*00 

57,000ft 

• 

1450 
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In  order  to  achieve  the  above  perforaance.  It  Is  necessarj  to 
incorporate  the  following  advanceu  design  features  in  the  ■issilet 
a rej actable  exhaust  nossle  liner | low  transonic  drag  delta  vingSy 
an  auxiliary  two  position  air  scoop  intake  ^ and  an  afterburner  fuel 
control  %diieh  holds  the  mechanical  rpm  constant  and  allows  operation 
within  the  compressor  map  limitations* 

The  preliminary  design  st\]dies  indicate  that  a supersonic  mis- 
sile powered  by  a single  turbojet  engine  is  a very  promising  type 
for  long  range  Naval  applications* 
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TURBO-BAK-JET  ENGINE  ANALYSIS 
1.1  Introduction 

A theoretical  analysis  was  made  Initially  of  the  per- 
formance of  turbojet  engines  with  afterburners  (tiu*bo-ram-Jet) 
considering  a turbine  inl^t  temperature  of  1600  degrees  F for 
flight  Mach  numbers  from  zero  to  three  at  sea  level  and  35«000*. 
Three  oases  were  considered  In  order  to  clarify  the  sensitivity 
of  the  flight  performance  factors  to  the  basic  operational  as- 
sumptions. These  three  oases  are  labeled,  for  reference;  the  Ideal, 
the  Advanced,  and  the  Present  engine  versions.  The  flight  per- 
formance factors  consist  of  the  thrust  per  loxit  engine  frontal 
area  per  dynamic  head  of  air  (thrust  coefflol6nt,C|*  )the  thrust 
per  poxmd  of  air  flow  (air  specific  Imptilse,  S^)and  the  fuel  con- 
sumption per  hour  per  potand  of  thrust  (specific  fuel  consumption, 

4^  ). 

The  engine  Is  shown  schematically  In  Figure  1.  It  con- 
sists of  a supersonic  inlet  diffuser,  a conventional  axial  flow 
uompresBor,  priutar-y  oombuBtlon  uhamber,  axial  flow  turbine,  an 
afterburner  and  a supersonic  exit  nozzle.  The  basic  assumptions 
for  the  versions  of  the  eziglne  ere  given  In  Table  I.  The  per- 
foz*manoe  of  the  Ideal  engine  cannot  be  realized,  but  represents 
the  ultimate  possible  from  this  engine  cycle  with  certain  excep- 
tions as  discussed  later.  It  is  believed  that  the  Advanced  version 
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of  the  engine  may  be  aohlered  with  Improvement  in  oonq>onents  and 
component  effloienoies  in  perhaps  fifteen  years  from  the  prosento 
The  Present  version  has  oomponents  and  component  effloienoies  de- 
monstrated by  present  day  engines  of  the  most  developed  type. 

The  Ideal  engine  assumes  a constant  characteristic  mass 
floWf  of  30  pounds/sq.ft. /sec.  of  air  entering  the  compressor. 
Sonic  flow  conditions  give  a characteristic  mass  flow  of  49.5 
poxinds/sq.ft./seo.  of  air.  Thus,  the  Ideal  engine  does  not  assume 
the  maxiuiUffl  air  flow  possible,  but  it  is  believed  that  it  would 
be  difficult  to  design  any  compressor  that  will  operate  in  excess 
of  30  pounds/sq.ft. /sec.  characteristic  mass  flow.  The  Ideal 
engine  assumes  no  pressure  losses  through  the  engine.  The  ram 
pressure  recovery  is  taken  quite  hi^  ever  the  flight  Mach  number 
x*ange  (Figure  2).  The  txirblne,  compressor,  and  combustion  ef- 
ficiencies are  assumed  ICOjt.  The  exit  nozzle  is  considered  com- 
pletely variable  in  size,  but  the  flow  is  limited  in  expanding 
to  the  maximum  turbojet  cross  sectional  area  only.  The  after- 
burner exit  temperature  is  assumed  to  be  2500®P,  and  3000®P;  the 
case  using  no  afterburner  is  also  calculated. 

The  Advanced  engine  assumes  optimistically  low  pressure 
losses  in  the  primary  combustion  chamber  and  in  the  afterburner. 

The  ran  pressure  recovery  is  quite  high  based  on  present  diffuser 
tests  but  may  be  attainable  with  future  development.  More  realis- 
tic combustion  effloienoies  are  used  — but  quite  high  for  the  cur- 
rent state  of  the  art.  Nevertheless,  these  combustion  afficienoles 
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should  he  attaixvable  with  new  Improyements  In  combustion  teohniques. 
Turbine  and  compressor  efflolenoles  were  taken  equal  to  90%  which 
Is  also  above  current  practice.  A completely  variable  exit  nozzle 
was  used.  The  Advanced  engine  like  the  Ideal  assumes  a constant 
characteristic  Inlet  mass  flow  of  JO  pounds/sq.ft./sao. 

The  Present  engine  version  assinnes  component  performance 
obtained  In  current  testing  of  developed  engines.  Thus  the  ram 
pressure  recovery  Is  substantially  obtainable  with  a two  position 
Inlet  diffuser  pins  an  Inlet  scoop  that  operates  at  low  Mach 
numbers  only.  The  turbine,  compressor,  and  combustion  efflolenoles 
are  being  attained  or  exceeded  In  current  component  testing.  A 
fixed  exit  nozzle  Is  considered  for  the  Present  ez^lne  designed  for 
a optimum  value  at  Haoh  number  - 2.0,  and  35,000  foot  altitude  for 
each  of  the  assumed  afterburner  exit  temperatures.  The  engine 
oharaot'  i*  3tlc  Inlet  mass  flow  Is  held  constant  at  20.  This  is 
exceeded  by  some  current  ex^lnes  at  low  Haoh  niuibers,  but  Is 
optimistic  at  the  high  Kach  numbers  used  In  the  cruise  phase. 

1,2  Analysis  Method  for  Engine 

All  oalculetions  were  based  on  one-dlmenslonal  flow 
theory  using  the  tables  and  charts  given  In  Reference  1 and  2. 
Referring  to  Plgtire  1 the  flow  oaloulatlons  assumed  the  gas  flow 
to  have  the  properties  of  air  from  station  0 to  station  5*  Hoie- 
ever,  tables  using  an  Isentroplo  gas  exponent  of  9/7  was  taken 
for  the  gas  flow  through  the  exit  nozzle  with  afterburner  opera- 
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tlon.  Append!::  I gives  the  derivation  of  the  fallowing  equation 
which  relates  the  engine  geometry  to  the  gas  flow: 


The  left  hand  aide  of  the  above  equation  is  known  from  efflcienoies 
asBxuaed  for  the  compressor  and  turbine,  and  pressure  losses  as- 
sumed in  ram  compression,  the  primary  combustor  and  in  the  after- 
burner. Thus,  for  given  flight  condition  the  value  of 

V ]fQj 

is  known  and  equation  (1)  becomes 

(2)  = 

From  flow  tables  (Reference  1) , the  optimum  exit  area  to  nozzle 
throat  area  is  specified  by  bhe  value  of  • The  maximum  fro^^^al 
area  considered  in  these  calculations  is  the  combustion  chamber 
area  so  that  the  optimum  exit  area  is  considered  equal  to  or  less 
than  the  combustion  chamber  area.  Consequently,  for  high  values 

ox  ^ /fo  * (such  as  OOOUFB  at  high  flight  Spaeds)  tho  CptiSUm 

throat  area  becomes  quite  small  to  obtain  maximum  flow  expansion. 

If  such  throat  areas  were  used  at  high  flight  speeds,  the  mass 
flow  passing  through  the  engine  is  severely  restricted  (pro- 
portional to  the  throat  size)  and  the  available  total  thrust  from 
even  the  Ideal  engine  would  be  small.  Consequently,  the  fallowing 
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oriterion  m&s  'os^d  for  datermlning  the  size  of  the  exit  nozzle. 


The  aree  ratio,  eqvial  to  .912.  This  area  z*atlo 


gives  the  maximum  value  for  the  total  exit  thrust  in  all  oases  at 
zero  flight  Haoh  number  where  the  exit  flow  is  supersonic  and  an 
exit  flow  gas  exponent  of  9/7  is  used.  This  area  ratio  was  used 


on  the  engine  versions  providing  the  resultant  characteristic  mass 


flow,  larger  than  the  maximum  assumed  possible  for 


the  various  engine  versions.  If  the  maximum  value  of  is  the 


limiting  consideration,  then  advantage  is  taken  of  the  pressure 


ratio  to  obtain  the  greatest  exit  nozzle  velocity  by  varying  the 


area  ratio,  Ideal  and  Advanced  engine  versions.  It 

should  be  reedized  that  the  maximvun  thrust  per  unit  frontal  area 
does  not  occur  at  the  same  exit  nozzle  area  ratio. 
does  the  minimum  specific  fuel  oonsuflqption.  Consequently,  the 
performance  curves  obtained  should  be  considered  as  indicative  and 


internally  oonsistent  performance  data,  but  individual  figures  of 


specific  fuel  oonsvusption,  etc.,  are  not  limiting  under  the  as*> 


Bximptions  used  unless  assooiated  with  the  corresponding  thrust 


ooeffioient  and  air  specific  impvilse. 


The  Present  engine  version  differs  from  the  Advanced  and 


Ideal  versions  in  that  the  exit  nozzle  geometry  is  considered  fixed 


at  the  optimum  value  of  thrust  for  M • 2.0  end  35*000  feet  altitude. 


Its  performance  at  lower  Mach  numbers  and  altitudes  is  considerably 


affected  by  this  assumption  and  this  aoooxmts  to  a slgnlf leant 


degree  for  the  relatively  poor  performance  of  the  Present  version 
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tiarbojet  engine  at  eea  level  and  zero  Maoh  number.  The  oal- 
oulatlona  were  based  on  one  eqvtare  foot  of  oombustion  ohamber 
frontal  area  and  the  performance  oharaoteristlos  determined  as 
given  In  Appendix  II. 

1.3  Generalized  Engine  Performanoe 

In  obtaining  the  generalized  engine  performanoe  charts » 
the  compressor  was  assumed  to  do  constant  work  per  pound  of  air 
flow.  This  has  been  shown  to  be  a good  assumption  on  actual  oom- 
pressors  over  a wide  range  of  operation  (See  Pigitre  12).  This 
assumes  a constant  pressure  coeffioient  as  follows: 

, ^ i] 


It  may  be  perceived  that  the  possible  compressor  pressure  ratio 
changes  as  the  Inlet  temperature,  Tzt  varies.  T2  is  a function 
of  the  flight  Haoh  number.  Figure  3 gives  the  variation  in  pos- 
sible oompressor  pressure  ratio  over  a range  of  flight  Maoh  nxuabars 
holding  the  oompressor  rpm  content.  Compressors  of  higher  initial 
oompressor  pressure  ratios  are  shown  to  be  more  affected  by  this 
consideration  than  those  of  low  Initial  compressor  pressure  ratio. 
Figure  4 gives  the  characteristic  rotor  speed  versus  flight  Maoh 
number  which  indicates  that  the  compressor  for  the  turbojet  engine 
in  supersonic  flight  must  operate  efficiently  over  wide  limits. 

Of  Interest  Is  the  engine  pressure  ratio  versus  flight  Haoh  number 
given  in  Figure  5,  The  Ideal,  Advanced,  and  Present  versions  of 
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the  ezigine  give  different  engine  presevire  ratios  as  dependent  on 
the  efflclenoles  and  losses  assuaed  in  -Table  I.  An  engine  pressxire 
ratio  of  one  Is  obtained  at  M=2. 75  for  the  Present  version  engine 
having  an  inltlaJ.  oonpressor  ratio  of  6.0. 

Plgxires  6 and  7 give  the  generalized  performance  curves 
at  sea  level  and  35 #000  feet  of  the  turbojet  without  afterbiimer. 
The  thrust  coefficient  of  such  engines  appears  quite  low  at  high 
Maoh  numbers  for  the  Present  version  engine  and  engines  having 
lower  design  Initial  oompressor  pressvire  ratio  show  a performanoe 
advantage  over  the  higher  oompressor  pressure  ratio  designs.  The 
performanoe  at  35*000  feet  Is,  of  course,  better  than  at  sea  level 
due  to  the  lower  environmental  temperature  at  altitude.  Flgiires 
7 and  8 give  the  generalized  performanoe  curves  at  sea  level  and 
35*000  feet  of  the  turbojet  having  an  afterburner  exit  tempera- 
ture of  2960°  R and  Figures  9 and  10  are  similar  to  7 and  8 ex- 
cept that  the  afterburner  exit  temperature  Is  3^60®  R.  It  Is 
shown  that  as  the  afterburner  temperature  Increases  from  the  no 
afterburner  case  to  that  given  In  the  figures  referred  to  above, 
that  the  specific  fuel  consumption,  air  specific  impulse  and  thrust 
coefficient  all  Increase.  As  an  Increase  In  the  thrust  coefficient 
Is  desirable  whereas  an  Increase  In  the  specific  fuel  consumption 
Is  undesirable,  the  choice  of  operating  exit  temperature  depends 
on  the  relative  value  of  the  thrust  coefficient  and  the  specific 
fuel  consumption.  In  the  trajectory  analysis  of  typical  long 
range  flight  structures  using  turbojet  engines  (Section  II  of  this 
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report),  it  nee  determined  that  the  thrust  coefficient  v»as  quite 
critical  since  it  determined  whether  the  missile  could  pass  through 
the  transonic  region  without  excessive  reduction  of  flight  weight 
by  fuel  consumption.  At  an  exit  burner  termperature  of  3460°  R 
and  an  altitude  of  35,000  feet,  these  calculations  indicate  that 
a turbojet  designed  for  an  initial  compressor  ratio  close  to  four 
to  be  optimum.  Curves  marked  1.0  are  also  given  on  the  generalized 
turbojet  performance  curves  of  Figures  8,  9,  10  and  11.  These  are 
the  ramjet  performance  curves  as  calculated  with  the  same  after- 
burner exit  temperature  and  an  equivalent  turbojet  engine  pressure 
ratio  of  1.0.  The  turbojet  engine  appears  to  have  a performance 
advantage  over  the  ramjet  even  at  high  Mach  nximbers  for  the  35,000 
foot  altitude  case,  though,  of  course,  weighing  four  to  five  times 
as  much.  However,  this  conclusion  should  be  accepted  with  re- 
servation as  the  ramjet  performance  calculations  were  not  mads 
using  an  optimum  exit  nozzle  geometry  for  the  ramjet  operation,  but 
rather  for  the  turbojet  oases,  and  in  addition,  the  actual  per- 
formance of  the  Present  version  tiu*bojet  decreases  at  high  Mach 
numbers  from  that  given  in  the  generalized  performance  curves  as 
discussed  in  the  next  portion  of  this  report. 


1.4  Present  Engine  Performance 

With  the  background  of  information  as  furnished  by  the 
generalized  performance  calculations,  a more  detailed  analysis  was 
made  of  an  ax’allable  production  type  engine  to  determine  its  per- 
formance and  limitations  at  high  Mach  numbers  and  altitudes.  It 
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was  determined  that  the  turbine  and  compressor  efficiencies, 
characteristic  mass  flow  and  inlet  turbine  temperature  of  one  of 
the  large  lately  developed  engines  — the  XJ40-10-  ware  essentially 
the  same  as  those  assumed  for  the  Present  version  tiirbojet  engine. 
The  actual  Initial  compressor  pressure  ratio  of  6.0  Is  close  to 
the  optimum  value  as  calculated  In  the  generalized  performance  cal- 
culations. Discrepancies  Included  the  assigned  values  for  the  com- 
bustion pressure  drop,  and  the  combustion  efficiency  which  were 
taken  a little  too  low.  A tabulation  of  the  actual  and  assumed 
values  for  the  Fr-esent  version  engine  are  tab  ulated  In  Table  H » 

The  overall  result  of  these  discrepancies  shou3.d  lower  the  cal- 
ciilated  net  thrust  and  specific  fuel  consumption  somewhat. 

Figure  12  gives  a compressor  map  typical  of  the  XJ40-10 
engine.  The  map  Indicates  that  characteristic  rotor  speeds  lower 
than  70%  may  be  easily  taken  with  good  operational  efficiency  with 
appropriate  reductions  In  the  characteristic  mass  flow.  The  re- 
ductions In  characteristic  mass  flow  constitute  the  only  significant 
difference  between  the  generalized  performance  curves  for  the  Pre- 
sent version  and  the  actual  available  engine.  This  variation  Is 
significant  enough  to  warraiit  a separate  calculation  of  the  engine 
performance  over  the  chosen  trajectory.  This  was  acooiapllshed 
for  two  cruise  Mach  nvunber  designs,  M=2.0  and  M=2.75i  using  actual 
component  efficiencies,  pressure  losses  and  the  compressor  map  for 
this  engine  as  given.  The  performance  characteristics  are  given  In 
Figure  13. 
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The  operating  point  for  each  flight  Mach  number  was  seleot- 
ed  from  the  compressor  map  al<^  the  Indicated  operational  line 
holding  the  actual  BPM  of  the  compressor  constant*  Thus  as  the 
Inlet  air  temperature  varied,  the  characteristic  rotor  speed,  . 

varied  as  given  In  Figure  The  compressor  characteristic  mass 
flow,  Xj  » an<3^  compressor  pressure  ratio  for  constant  BPM  are  then 
known.  The  pressure  ratio  across  the  turbine  Is  calculated  by 
equating  the  turbine  work  to  the  compressor  work  and  holding  the 
turbine  Inlet  temperature  constant  at  1600°  by  . 

^ r.  , r 


The  compressor  efficiency  was  taken  off  the  compressor  map  emd  a 
constant  turbine  efficiency  of  .825  was  used.  The  pressure  ratio 
across  the  exit  nozzle  Is  obtained  using  the  known  or  assumed  prec> 
sure  drops  along  the  engine  by 

EL-  EL  3.  A ^ 

^ ^ ^ ^ ^ ESr 

A possible  error,  though  small,  exists  only  In  depending  on 

the  exit  temperature  obtained.  Then  the  throat  Mach  number  is 
given  by  ^ 


The  turbojet  gave  subsonic  exit  flow  to  flight  speeds  somewhat 
greater  than  M«.5*  Consequently,  the  exit  nozzle  which  needed  to 
be  a convergent  divergent  nozzle  at  cruise  Mach  numbers  of  2.0  and 
2,75  was  considered  to  have  a light  weight  refractory  liner  which 
held  the  nozzle  throat  size  constant  to  the  exit  (no  divergence) , 
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This  liner  was  discarded  after  a flight  speed  of  H*1.50  was  reached, 
This  is  believed  to  be  a practical  method  for  the  use  of  a fixed 
geometry  exit  nozzle  which  minimized  the  critical  exit  losses  In 
crucial  region  of  H*1.0.  Substitution  of  the  quantities  obtained 
above  In  the  mass  flow  equation  derived  In  Appendix  I allows  the 
determination  of  ^ 


, the  afterburner  exit  tempera txire,  is  chosen  for  the  cruise 
flight  Mach  nuijber  to  give  a reasonable  thrust  coefficient  for  the 
engine.  This  fixes  the  value  of  . For  the  other  flight 

Mach  nvunbers,  being  fixed,  \ Is  calciilated.  Thus,  the  engine 

control  contemplated  is  one  which  would  vary  the  afterburner  fuel 
flow  to  hold  the  engine  rpm  constant.  The  variation  in  the  requir- 
ed after  burner  exit  temperature  as  a function  of  the  flight  Mach 
number  is  given  In  Figure  14.  The  required  variation  is  not  severe 
and  only  at  Mach  number  s 0 would  ^Ghe  afterburner  pressure  drop  be 
chan^jed  from  the  assumed  value.  Knowing  the  pressure  ratio  across 
the  exit  nozzle,  the  exit  velocity  may  be  obtained  from  one-dimen- 
sional flow  tables  and  air  specific  Impulse,  specific  fuel  con- 
sumption and  thrust  coefficient  calculated  as  derived  in  Appendix 
II. 

The  calculations  also  took  into  account  the  additive 
drag  which  resulted  at  off  design  flight  Mach  numbers  using  the 
theory  said  figures  given  In  Referaioe  (4) . It  may  be  shown  that 
the  capture  area  ratio  is  related  to  the  flow  Mach  number  and 
characteristic  mass  flow  as  follows: 
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Knowledge  of  at  the  orulee  Maoh  number  fixes  the  value  of  ^ v 

V/4»  with  the  result  that  V-<E  known  for  the  off 
design  flight  Haoh  numbers.  An  Inlet  diffuser  cone  half -angle  of 
20°  was  assumed  and  the  additive  drag  taken  from  Figure  7b  and  8 
of  Reference  4.  The  additive  drag  losses  were  not  large,  not  ex- 
ceeding 5^  of  the  gross  thrust  ooeffloleut.  Thus  the  performanoe 
ooeff lolents  given  In  Plg^ore  13  are  Independent  of  the  flight 
structure  propelled  and  are  characteristic  of  the  engine  with  Its 
diffuse:?  and  exit  nozzle  only. 
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SECTIOH  n 

MISSILE  TRAJECTORY  STUDIES 


2.1  Introduction 

A study  was  made  of  the  trajectory  of  a missile  powered 
by  turbojets  with  afterburners.  In  order  to  make  a fair  comparison 
of  this  propulsion  system  with  other  long  range  systems  a nearly 
optimum  configuration  hould  l^e  used.  The  oonf igxiratlon  used  in 
this  analysis  represents  recent  thinking  on  long  range  missile  con- 
figurations . It  is  expected  that  by  more  careful  and  extensive 
design  that  somewhat  better  results  may  be  obtained.  However,  the 
final  configuration  considered  incorporates  all  known  devices  that 
have  been  presently  considered  as  being  practical  solutions  to  the 
many  problems  of  high  speed  supersonic  flight.  The  primary  basis 
for  the  design  of  the  flight  structure  lies,  of  course,  in  the  re- 
quirement of  obtaining  the  msocimum  range  for  the  flight  system. 
During  the  computation  of  the  drag  and  the  trajectories,  the  major 
parameters  were  observed  in  order  to  determine  what  effect  changes 
would  have  on  the  range  of  the  missile  system. 
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from  low  flight  speed  to  its  cruise  Mach  Number  with  the  same 
engines.  The  missile  has  to  be  designed  so  that  it  will  fly  at  low 
flight  speeds  and  then  accelerate  through  the  transonic  region  to 
Its  cruise  flight  Mach  Number.  The  wing  area  is  determined  from 
the  requirement  that  It  must  fly  at  full  load  at  low  subsonic  Mach 
Niunbers.  However,  this  wing  area  is  larger  than  optimiun  at  the 
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Start  of  orulse.  Thus,  in  order  for  the  missile  to  fly  at  its 
maximuB  L/0  (^^a|)  ratio  it  is  necessary  to  have  it  climb  to  high 
altitudes.  However,  the  turbojets  with  afterburners  cannot  operate 
above  certain  altitudes  without  flame  blowout*  Hence,  this  parti- 

t 

cula^  missile  was  not  able  to  arrive  at  the  altitude  where  its 
L/D  is  maximiaa.  The  optimum  missile  for  the  cruise  would  be  one 
that  can  operate  at  (L/D)  maximum  at  the  maximum  ceiling  of  opera- 
tion for  the  engine.  However,  for  the  practice!  missile,  this 
optimum  performance  must  be  penalized  in  order  to  fly  at  the  low 
subsonic  flight  speeds. 

2.2  General  Arrangement  of  the  Configviration 
Two  basic  configurations  were  chosen: 

1. )  A twin  engine  missile. 

2. )  A single  engine  missile. 

The  essxaaptlcns  used  for  the  payload  and  missile  elements  for  each 
of  these  missiles  is  given  in  Table  HI  . The  range  for  each  of 
the  basic  configurations  was  computed  for  two  cruise  Mach  numbers; 

(a)  M = 2.00 

(b)  H s 2.75 

The  only  changes  necessary  for  change  in  cruise  Hach  number  were 
the  auxiliary  scoop  intake  areas.  The  inlet  and  exhaust  nozzle 
areas  were  determined  fr<Ms  and  are  consistent  with  the  performance 
results  for  the  turbo-ram- Jet  as  given  in  Section  I in  this  report. 
The  type  of  missile  finally  decided  upon  was  a canard 
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oonf iguratlon  with  a 60®  swept  back  delta  wing  and  a nose  Inlet 
diffuser  on  the  fuselage.  A sketch  of  this  configuration  showing 
the  overall  dimension  Is  given  In  Figures /^and/6.  It  was  assumed 
In  the  twin  engine  configuration  that  the  two  engines  are  placed 
Bide  by  aide  In  the  fuselage.  The  cross  sectional  shape  will  then 
take  the  form  of  an  ellipse  with  the  major  diameter  determined 
from  the  dleuseter  of  the  engines.  A diameter  of  8 feet  was  ample 
to  house  the  engines.  Assuming  a length  of  72  feet  for  the  fuse- 
lage, this  gives  a (for  the  major  diameter  of  the  ellipse) 

of  9.  Previous  calculations  Indicate  that  such  lerigth  to  diameter 
ratios  give  nearly  optimum  ranges  for  ducted  body  missiles.  The 
minor  diameter  Is  determined  from  the  volume  requirement. 

D = 5.85' 
minor 

The  minor  diameter  was  assumed  to  be  6'. 

The  duct  connecting  the  diffuser  to  the  engines  was 
ass\imed  to  have  a diameter  of  3=1/3  ft  which  gave  an  air  velocity 
of  approximately  600  ft/seo  at  the  maximum  air  flow  conditions, 
and  a pressure  drop  of  0.40  psl  (assuming  a friction  coefficient 
of  0.01  In  the  duct). 

In  the  single  engine  configuration  a round  fuselage 
section  was  assumed.  The  fuselage  length  decided  on  was  39';  and 
from  the  volume  requirement,  the  fuselage  diameter  became  5*20'. 

A fuselage  diameter  of  5.60'  was  actually  used. 

The  60°  swept  back  wing  has  a thickness/chord  ratio  of 
0.04  and  has  its  position  of  maximum  thickness  45^  back  from  the 
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leading  edge.  The  weight  of  the  missile  at  the  start  of  Its  flight 
and  after  the  rocket  boost  determined  the  wing  area.  A wing  load- 
ing of  90  Ibs/ft^  was  used,  and  it  was  assumed  that  the  wing  oarrles 
80jJ  of  the  load  at  the  low  subsonic  Mach  numbers.  At  a Mach  number 
of  0.3  (the  start  of  airborne  flight)  the  lift  coefficient  Is  less 
than  0.6.  This  value  Is  approximately  the  maxlmvim  lift  coefficient 
allowable  from  the  stability  considerations  at  the  subsonic  Mach 
numbers.  The  above  considerations  determine  the  exposed  wing  areas: 
(a)  for  the  twin  engine  configuration  - 676  sq.  ft.,  (b)  for  the 
single  engine  conf Igviratlon  - 3^0  sq.  ft.  At  the  supersonic  cruise 
Mach  numbers  Referenced  shows  that  about  75%  of  the  load  Is  carried 
by  the  wings.  The  total  area  of  the  control  surfaces  Including 
the  trimmers  and  fin  was  calculated  to  be  about  1.6%  of  the  wing 
area.  The  Important  dimensions  of  the  oonf lg\u*atlons  are  shown  on 
Figures and/^ . 

A sweepback  angle  of  60®  wat.  finally  decided  upon  as  It 
was  believed  that  a larger  sweepback  would  be  Impractical  for  three 
reasons : 


1-)  poor  characteristics  at  subsonic  speeds. 

2. )  The  wing  chord  would  have  to  be  almost  as  long  as 

the  fuselage. 

3. )  The  drag  due  to  lift  Is  higher. 

However,  at  cruise  Mach  nvunbers  greater  than  2 this  wing 
would  necessarily  have  a sharp  supersonic  leading  edge.  The  sharp 
leading  edge  has  two  disadvantages: 
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1. )  More  dlfflouXt  to  manufacture, 

2. )  Produces  a higher  drag  due  to  lift  (See  Reference  4 )* 
On  the  other  hand,  it  is  not  beneficial  to  Increase  the  swespback 
angle  of  the  wing  In  order  to  decrease  the  drag  due  to  lift  by  the 
use  of  a rounded  leading  edge,  as  the  drag  due  to  lift  of  the  entire 
wing  Increases  with  any  Increase  In  the  sweepbaok  angle.  This  Is 
true  particularly  at  high  supersonic  8pee<^s.  Since  there  was  only 

a small  amoimt  of  Information  available  on  the  low  subsonic  char- 
acteristics of  delta  wings,  a compromise  angle  of  60°  was  chosen. 

A possibly  more  optimum  solution  would  be  to  use  auxiliary 
wings  dturlng  the  boost  phase,  and  then  at  an  appropriate  point  In 
the  missile  trajectory  discard  them  while  the  missile  continues 
on  Its  course  using  a delta  wing  whose  sweepback  Is  greater  and 
whose  area  Is  smaller  than  the  wings  shown  on  Figures  If  and  /4  • 

Such  a scheme  Is  more  complex  mechanically  and  was  not  considered 
In  this  analysis. 

Thus,  any  actual  missile,  the  wing  area  and  sweepback 
angle  are  compromised.  The  lower  wing  area  and  larger  sweepback 
angle  give  a lower  (^)  maximum  but  at  the  same  time  the  altitude 
where  ^ Is  maximum  Is  lower.  However,  the  maximua  altitude  where 
turbojets  with  afterburners  can  operate  ef i‘'iolently , Is  limited 
and  hence  a missile  with  a large  wing  area  may  never  be  able  to  fly 
at  the  altitude  where  Its  ^ Is  maximum, 

2.3  Drag  Analysis 

The  estimation  of  t he  drag,  both  at  zero  lift  and  vilth 
-17- 
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lift,  determined  the  size  of  propulsion  system  and  thereby,  to  a 
large  extent,  the  size  of  the  missile.  In  order  to  simplify  the 
procedure  for  determining  the  size,  ;^v.o  basic  configurations  were 
decided  upon  (see  previous  subsection)  and  their  sizes  determined. 
Consideration  was  first  given  to  the  drag  at  zero  lift  and  later 
to  the  drag  due  to  lift. 

The  general  procedure  that  has  been  followed  in  making 
the  zero-lift  drag  estimates  Is  outlined  as  follojjs: 

Total  drag  • sum  of  drag  of  component  parte 
Component  Drag  Determined  by; 

1,  Experimental  data, 

2,  Mixed  theory  and  experimental  data, 

3,  Theory  alone. 

Pressure  Drag  Determined  on  Basis  of: 

Wings  - projected  area 

Pins  - exposed  area 

Cowling  - mixed  two  and  three  dlmenslor^al  flow 

Base  - no  boattailing 

Friction  drag  calculated  by; 

Theory  - Turbulent  Boundary  layer  - compressible 
fli-uld.  Insulated  flat  plat  3 

Reynolds  Number  - 

Wings  and  Pins  - maximum  exposed  chord  used 
Bodies  - axial  length  used 

The  pressure  drag  of  the  wings  was  estimated  using  the 
total  projected  wing  area  through  the  missile  body.  It  v;as  be- 
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lleved  that  this  method  of  computing  the  wing  drag  would  include 
interference  drag.  In  all  cases  where  possible,  the  theoretical 
calculations  were  substantiated  by  experimental  resvilts  of  similar 
j components,  and  the  results  were  corrected  accordingly.  Where  no 

experimental  results  were  obtainable,  the  theoretical  values  were 

1 I 

used  as  computed.  1 

1 i 

j The  wing  wave  drag  was  computed  by  the  theory  developed  < 

by  Puckett  and  others  (See  References  and 54). 

I This  was  correlated  with  the  experimental  results  published  by 

i 

j N.A.C.A.  in  many  of  their  Research  Meiaorandvim  reports  (See  Ee- 

I ferences  /3  to  54  ejid  their  bibliographies) , 

} 

j The  skin  friction  coefficients  were  obtained  from  the 

I 

IncompresslDle  turbulent  skin  friction  cu^'ve  of  von  Karraan.  For 
the  lower  Reynolds  numbers  a value  of  0.0023  foi*  Cp  M=0  was  obtain- 
ed from  references  //  and /2.  , both  of  which  gave  similar  results. 

I 

A computation  of  the  skin  friction  drag  using  the  methods  of  Re- 
ferences » chocked  with  the  results  of  the  methods  mention- 

ed above.  The  variation  of  Reynolds  number  with  altitude  was  taken 
Into  account  In  the  computation  of  the  skin  friction  drag. 

The  cowling  drag  on  the  fuselage  was  obtained  from  Re- 
ference f (page  189) . 

The  base  drag  coefficient  was  obtained  from  Figure  1 of 
Reference  3 . The  curve  labelled,  "Experiment  (average)  . I 

x 10^,"  was  used.  The  value  of  this  base  pressure  coefficient  ! 

1 j 

I Is  not  strictly  correct  since  the  missile  under  consideration  has  i 


I 
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a Jet  ISBulng  from  the  base. 

The  additive  drag  is  not  Included  In  the  zero  lift  curves 
but  is  included  in  the  engine  performance  curves.  The  additive 
drag  was  obtained  from  References  ^8  and??  • 

A variable  scoop  Inlet  Is  used  during  the  acceleration 
phase  of  the  missile  In  order  to  supply  the  engine  with  sufficient 
air  at  the  lower  Mach  numbers.  This  scoop  Is  closed  above  M*2.60 
for  the  M«2.75  cruise  missile  and  Is  closed  alove  M«1.50  for  the 
HS2.00  cruise  missile.  The  drag  of  this  scoop  was  estimated  from 
the  Information  given  In  References  //  and  . The  scoop  drag  Is 
included  In  the  eziglne  performance  curves. 


The  wing  drag  due  to  lift  at  supersonic  speeds  ( 


) 


was  largely  obtained  from  Figure  li.3t  of  Reference  7 . The  relation 

_ I 


was  also  used  to  obtain  the  drag  due  to  lift.  References  6 and 

also  give  theoretical  end  experimental  values  of  ^5^^*  which 
were  considered.  The  above  estimates  do  not  include  the  Induced 
drag  due  to  the  control  surface  force  that  Is  necessary  to  trim  the 
missile  at  the  cruise  or  flight  conditionB.  The  Induced  drag  of 
the  trimmers  or  canard  surfaces  can  be  Included  In  the  total  drag 
of  the  missile  In  the  following  way! 

where  Cjj  s.  total  drag  coefficient  based  on  projected 
wing  area 
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Cq  s drag  coefficient  at  zero  lift  based  on  projected 
0 

wing  area 

X Induced  drag  factor  based  on  projected  wing  €a*ea 

1 

i 

K - percentage  increase  of  induced  drag  factor 

due  to 

the  Induced  drag  of  the  trimmers. 


C„:  a 

?55 

where  C||  • longltudlml  moment  coefficient  about  the 
C.  0.  point 

1^  • Normal  aerodynamic  force  produced  by  the  trimmers 

R = Moment  arm  of  trimmer  lift  forces  about  the  C.  0, 
of  missile 

S = Projected  wing  area 
^ s Mean  aerodynamic  chord 

References  /3j  l4-  and  fh  give  the  pitching  moment  coefficient  for 

several  delta  wing  - body  combinations  up  to  a Mach  number  of  1.80. 

The  curves  show  that  the  maximum  value  of  ^^M  increases  with  in- 

adj, 

crease  in  flight  Mach  number,  and  at  MSI. 80,  dCM/dCL  =0.24.  A 
value  of  dCw  =0.30  was  used  to  compute  the  Induced  drag  of  the 
for  M*2,0  and  M«2. 75-  Preliminary  tests  of  the* North  American 
Aviation  XB-64  missile  show  that  it  has  an  approximate  value  of 
dgw  X 0.13  with  attached  trimmers.  The  XB-64  missile  is  also 
e canard  delta  wing  configuration,  but  with  side  Inlets  Instead 
of  a nose  inlet.  The  above  value  of  0.30  therefore  should  be 
conservative.  It  is  possible  to  reduce  the  downwaah  effects  of 
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the  oanard  Hurfaces  on  the  main  wixig  by  breaking  up  the  vortloes 
by  means  of  vertical  fins  (perforated  or  solid)  placed  at  the  mid- 
span  of  the  trimmers.  (See  References/  ).  Therefore,  the  increase 
of  dCii  with  trimmers  deflected  could  be  minimized. 

« 0.30  Cx, 


$s^ 

a 0.30  C 

H 


= 0 .30  Gl  s C 


R S, 

®J^i(T)  a ^ ^ 

where  Sj  ^ trimmer  area 

®Di(t)  • 


Cr  2 

% 


'It  . 


trimmer  induced  drag  coefficient  based  on 
trimmer  area 


trimmer  lift  coefficient  based  on  trimmer  area 


^IlCBased  on  Wing  Area)  s ^ 


(Body  & Wing)  = 


^1  (total)  = 


Adi, 


< i ^ 6^0  6 O 
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TWIN  EliOlNE 

SINGLE  ENGINE 

S 

974  sq.  ft. 

525  sq.  ft. 

s 

100  eq.  ft. 

60  sq.  ft. 

B 

s 

50  ft. 

34  ft. 

- 

17  ft. 

12  ft. 

K«  ^ " 0*101  0.098 


The  deflected  trimmers  at  cruise  then  Increase  the  drag 
due  to  lift  by  about  lOi,  The  drag  due  to  lift,  plotted  against 
Mach  number,  Is  given  on  Pigui^  /?.  This  curve  showed  good  agree- 
ment with  a similar  missile  designed  by  an  aircraft  company. 

The  curve  of  {L/T>)  max.  Is  plotted  eigalnst  Mach  number 
on  Figures  SC  eca&Sf  for  the  four  oases. 


2.4  Trajectory  Analysis 

The  trajectory  of  the  missiles  was  computed  by  assiuilng 
a typical  missile  flight  path.  This  flight  path  consisted  of  six 
different  phases,  as  follows: 

1.  Zero  length  take-off  and  acceleration  to  flying 
speed  (M  : 0.3)  by  meaixo  of  a supplementary  rocket 
boost. 

2.  Acceleration  by  means  of  the  turbo- ram- Jets  to 

M * 0.9 

3.  Climb  to  35,000’  altitude  at  M = 0 .9 

4.  Accelerate  at  35,000’  altitude  from  M = O.9  to 
cruise  Mach  number 
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5«  Climb  to  maximum  altitude  at  cruise  Mach  nximber 
l.e.  where  ^ la  maximum  or  meuclmum  oelllng  of 
operation  for  the  turbo-jet  whichever  la  the  lowest 
6.  Cruise  at  maxlm\un  altitude  at  cruise  Mach  number 
A missile  designed  for  subsonic  cruise  natvirally  will 
have  a greater  range  than  a supersonic  cruise  missile.  However, 
missiles  released  by  the  Navy  may  travel  for  most  of  their  tra- 
jectory over  enemy  territory,  and,  consequently,  supersonic  flight 
may  be  necessary  to  escape  detection  and  interception.  The  above 
flight  path  conforms  to  supersonic  flight  adaptable  to  the  txjrbo- 
jet  engine  (See  Reference  Z7  )• 

During  the  rocket  boost  phase  the  missile  Is  allowed  to 
climb  along  a flight  path  10^  to  the  horizontal.  The  rocket  nozzle 
Is  orientated  so  that  the  thrust  is  directed  through  the  missile 
center  of  gravity.  With  this  system  It  Is  possible  to  obtain  zero 
length  take-off  which  should  be  quite  desirable  for  carrier  or 
small  field  take-off.  The  rocket  thrust  for  the  twin  engine  ccn= 
figuration  is  200,000  lbs  with  a booster  weight  of  ?»600  lbs.  The 
rocket  thrust  for  the  single  engine  configuration  Is  100,000  lbs 
with  a booster  weight  of  ^,000  lbs.  A specific  Impulse  of  I65  was 
assxuned  for  the  propellant* 

During  the  acceleration  phases  at  constant  altitude,  the 
trajectory  was  computed  by  a step  process  using  the  equation 

^ ^ * 7"c^0(  - 0 

n 


-24- 


COl'lFIDEm’lAi. 


i'RtPAU'!D  ev 


I'fLAfD 


AEROPHYSSCS  DEVELOPMENT  CORPORATION  I 3002-1-Rl 
PACIFIC  PALISADES,  CALIFORNIA 


where  m - mass  of  missile  - slugs 

▼ - ▼oloolty  of  missile  along  flight  path  - ft/seo 
T - Thrust  of  turbojets  - lbs 
0(  - Angle  of  attack  of  missile 
D ->  Drag  of  missile  - lbs 

\ 

dV/  dt  - Acceleration  of  missile  - ft/seo^ 

During  the  climb  phases  the  rate  of  climb  Is  computed  from 
the  following  relation 

Ul  r L ..IrrM 1 

dt  W 

W - weight  of  missile  - lbs 
h - altitude  - ft 

rate  of  climb  - ft/sec 
dt 

The  above  methods,  while  not  completely  accurate,  are 
sufficiently  precise  for  the  present  analysis  and  are  much  less 
time-consuming  than  more  exact  methods. 

In  all  oases  It  was  found  tnat  the  missile  configuration 
assumed  could  not  fly  at  Its  (L/D)  max,  since  the  operation  cell- 
ing of  present  turbojet  afterburners  limited  the  cruise  altitude. 

The  lift  coefficient  of  the  missile  was  still  below  the  Cj^  for 
maxlmim  L/B.  The  W«2,75  cruise  missile  could  reach  and  was  limited 
to  the  7^ #000  ft  altitude  due  to  the  limit  on  the  minimum  after- 
bxxmer  static  pressure  of  8 psl.  The  MS2.00  ^rulse  missile  was 


CC.Uff’IDEllTlAL 


S'/' 


i . 1’^.  ■.  .4.  xr'.Xj 


/,  K. 


AEROPHYSICS  DEVELOPMENT  CORPORATION 
PACIFIC  PALISADES,  CALIFORNIA 


3D02-1-H1 

27  Hay  19 


limited  to  the  57,000  ft  altitude.  Therefore,  after  the  accelera- 
tion to  cruise  Mach  nvunber  and  climb  to  these  maximum  altitudes 
the  missile  cruised  at  constant  altitude  and  Mach  number. 


For  horizontal  flight 

i 

7 = 0 

( 

-r=  j 

dt 

1 

-7=  S 4M.  ^ ~ D 
f ci& 

Sf 

<=D  ■* 

O A* 

/ \2  ' 
if^] 

Integrating 


rw, 


— ai=  - 


where  * missile  weight  at  start  of  cruise 

e missile  weight  at  end  of  cruise  - empty  weight  of  missile. 

Then  - I ' 


•'w,  /(  + BW^  '*>, 


Range  is  given  by 

- Vt  - -pi-./. 

Prom  the  parabolic  drag  polar  curve 


~ 


(M 

' ^ /Max, 
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where  f a lbs  of  fuel  per  hour  per  lb.  of  thrust 
V = ft/sec  - cruise  speed 
Ct  - lift  coefficient  at  -end  of  cruise 

n 

C-  - lift  coefficient  at  start  of  cruise 
- lift  coefficient  where  L/D  Is  maxlmiun 


The  ranges  of  the  four  cases  were  computed  by  using  the  above 
described  methods. 

It  became  evident  during  the  calculation  of  the  trajectories 
that  the  position  of  the  maximum  slope  of  the  zero  lift  drag  curve 
had  a pronounced  effect  on  the  results  of  the  trajectories.  Actually 
the  Important  factor  was  the  magnitude  of  the  excess  thrust  at  tran- 
sonic speeds.  The  poor  performance  of  the  M = 2.75  cruise  engine 
compared  to  the  M * 2.00  cruise  engine,  was  due  principally  to  Its 
lower  thrust  at  the  transonic  region.  The  lower  performance  of  the 
M s 2.75  cruise  engine  was  due  to  the  penalties  Incurred  from  the 
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dlfraser  and  exit  nozzles  which  were  ds signed  for  optimum  operation 
at  M « ?*75*  In  the  H • 2*00  cruise  engine  these  penalties  are 

not  as  severe* 


The  results  of  the  trajectories  are  tabulated  belowi 


Range 

Pinal  Mach  Number 

Twin  Engine  M « 2*75  cruise 

1658  miles 

2*75 

Twin  Engine  M « 2*00  cruise 

2020  miles 

2*00 

Single  Engine  M « 2*75  cruise 

1100  miles 

1*18 

Single  ^^ine  M = 2*00  cruise 

IICX)  miles 

1*85 

Single  Engine  M ■ 2*00  cruise 

1446  miles 

2*00 

(reduced  weight) 

The  twin  engine  configurations  gave  the  better  results  with 
the  M * 2*00  cruise  missile  giving  the  best  results.  Figure  22  shows 
the  relatively  long  time  that  the  M « 2*75  cruise  missile  spends  at 
the  transonic  Mach  numbers  compared  to  the  shorter  time  shown  in 
Figure  23  for  the  M **  2*00  cruise  missile.  In  both  cases  the  twin 
engine  configurations  were  able  to  accelerate  through  the  transonic 
region* 

Neither  of  the  single  engine  configurations  were  able  to  ac» 
celerate  to  their  cruise  Mach  numbers.  By  flying  at  a constant  Mach 
number  in  the  transonic  speed  range » the  M 2.00  cruise  missile  was 
able  to  reach  M =*  1.85*  However,  the  M b 2*75  cruise  missile  could 
not  accelerate  over  M * 1*18*  (See  Figures  24  and  25  ) 

It  was  believed  therefore  that  the  single  engine  missile  confi- 
guration was  assumed  too  large  for  the  engine*  A smaller  configura- 
tion was  assumed  by  reducing  the  gross  weight  from  39,200  lbs*  to 
36.000  lbs.  and  reducing  the  wing  area  from  525  sq*  ft*  to  484  sq*  ft. 
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The  trajectory  for  the  M *=  2*0  cruise  missile  was  c(»iputed.  As 
ahem  on  Fisures  26  ss/i  31,  this  ecnfiguretion  was  able  to  acoelerate 
to  Its  cruise  Mach  number  and  altitude  and  alvays  had  sufficient  ex- 
cess thrust  to  accelerate  although  It  was  marginal  In  the  transonla 
region^  Although  the  trajectory  of  the  M ■ 2*75  crxd.se  missile  was  ss’ 
computed  for  the  lighter  single  engine  missile,  It  Is  believed  that 
better  results  can  be  obtained  for  this  configuration  also*  The 
variation  of  time,  altitude  and  Mach  number  with  distance  Is  given 
in  Figures  27  through  31  for  each  of  the  configurations* 


CONFDDENTIAL 


CONFIDENTIAL 


PRtPAKfD  BY 

AEROFHYSICS  DEVEUOFMEKT  CORPORATION 
PACIFIC  PALISADES,  CALIFORNIA 

report  no 

3002-1-Rl 

DATE 

27  May  1953 

CHECKEO  BY 

SECTION  III 

MODIFICATION  AND  ADDITIONS  REQUIRED  OP  AVA[LA3LE  ENGINE 

FOR  SUPERSONIC  PLIGHT 

3.1  General  Changes; 

The  discussion  of  Section  III  Is  directed  specifically  concerning 
the  Westlnghouse  XJlj.0-10  engine,  although  the  same  general  renaarks 
apply  to  other  similar  engines. 

The  Increase  In  inlet  air  temperature  with  an  Increase  In  flight 
Mach  number  necessitates  more  severe  considerations  at  M ^ 2.0  and 
M = 2*75.  However,  the  required  life  of  components  are  quite  short 
for  a missile  application  In  comparison  to  more  conventional  appli- 
cations. Consequently,  components  which  have  been  designed  to  give  a 
reasonable  operating  life  greater  than  100  hours  at  rated  rpm  and 
design  temperatures  are  largely  sized  from  stress  versus  rupture  time 
data.  Briefly,  this  means  that  for  the  short  time  missile  applications, 
the  allowable  operating  temperatures  are  somewhat  higher  for  most 
mechanical  components.  Thus  the  12^  chromium  steel  used  In  the  com- 
pressor blading  may  be  used  for  both  M « 2.0  and  M ■ 2,75  designs 
with  safety  from  tempera fcure  conalderatlona.  Blade  growth  with 
Increase  in  inlet  temperature  Is  significant,  but  should  not  be 
critical  with  "wear  type”  blading.  However,  the  compressor  rotor 
discs  should  be  steal  throughout  - a portion  of  them  are  presently 
aluminum.  The  weight  differential  should  not  be  significant  in  this 
change  if  high  strength  steel  is  used  with  thinner  sections.  The 
compressor  casing  which  is  presently  magnesium  need  not  be  changed  In 
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any  substantial  degree  for  the  M - 2^0  design  If  the  material  used  Is 
one  of  the  high  temperature  - high  strexigth  cerium  alloy  magnesiums. 
For  the  K = 2.75  design,  the  casing  should  be  steel  due  largely  to 
the  necessity  of  retaining  strength  over  temperatures  of  500®P  to 
94.0®P  obtained  across  the  compressor  section. 

At  the  higher  inlet  air  temperatures,  the  primary  combustion 
chamber  liner  cannot  be  cooled  as  effectively  and  will  operate  at  a 
higher  though  not  critical  tomperatxire.  (It  appesurs  that  the  liner 
would  be  about  1000°F  Instead  of  500°F) . However,  the  cooling  air 
for  the  after-burner  and  exit  nozzle  must  be  taken  from  the  inlet 
before  'the  compressor  in  the  M • 2.75  design  during  high  S£ach  number 
operation.  Thus,  an  additional  cooling  air  line  with  control  valve 
is  required  on  the  M “ 2.75  design. 

A small  change  is  required  in  the  compressor  thrust  bearing  for 
the  M * 2.75  design  as  the  direction  of  thrust  of  the  rotor  system 
changes  when  the  inlet  air  temperature  is  increased  sufficiently. 

This  is  due  chiefly  to  the  decrease  in  overall  engine  pressure  ratio 
with  flight  Mach  number  as  shown  in  Figure  5* 

The  position  of  certain  auxiliary  apparatus  presently  on  the 
engine  would  have  to  be  relocated  in  the  missile  due  to  their  present 
temperature  limitation  for  both  M « 2.0  and  M » 2.75*  The  oil 
cooler  and  certain  electrical  apparatus  are  in  this  category.  These 
re-locations  though  troublesome  are  nevertheless  minor  in  nature. 

The  general  changes  referred  to  above  necessitate  no  major  new 
developments  and  should  bo  possible  to  achieve  with  a minor  effort. 
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3.2  Ksw  Engine  Dovelopaenta: 

However,  there  are  two  now  or  different  developments  v/liioh 
require  a larger  effort. 

An  afterburner  fuel  control  Is  indicated  that  regulates  the 
afterburner  fuel  to  hold  the  engine  rpm  constant.  The  primary 
combustor  fuel  should  be  regulated  to  hold  the  turbine  exit  gas 
temperature  constant.  The  engineering  development  work  required  for 
such  a control  appears  to  be  straight  forward  and  should  be  even 
less  oon9>licated  than  some  of  the  engine  controls  now  available. 

A convergent  divergent  supersonic  exit  nozzle  Is  required  at 
the  cruise  Mach  numbers  of  2.0  and  2«75*  This  nozzle  must  be  cooled 
and  equipped  with  a rejectable  refactory  liner  in  the  diverging 
portion.  This  represents  an  appreciable  new  development  in  terms 
of  tirao  and  cost.  Again,  such  a development  appears  engineerlngly 
feasible  though  It  Is  evident  that  a considerable  amount  of  develop- 
mental testing  must  be  done. 

3.3  Conclusions: 

It  Is  believed  that  an  engine  such  as  the  Westlnghouse  XJi^O-10 
could  be  adapted  in  a relatively  simple  fashion  to  power  long  range 
turbojet  missiles  of  flight  Mach  numbers  of  2,0  and  2.75.  Fewer 
changes  are  required  for  the  flight  M • 2.0  design  than  the  M « 2,75 
design,  but  a new  fuel  control  system  and  supersonic  exit  nozzle 
must  be  developed  for  each. 
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DfiRIVATlOH  OP  MASS  pfot  BQUXTIOH 


At  the  nozzle  throat 

(1)  zzsmiSl^ 


J£l.  - z 7/  ^ ) 


P = e.v  ^ 1 

^ Cl  + 


Also 


V,  =Yv< 


ITfc  w\'  / — 4 


By  oontlnulty  of  mass  flow 
(2)  PtAi'^T  = <+“4 
By  definition 

o,  X.=  ^‘f 


Rearranging  (2) 

Substituting  for  f rom  (3) 


(5) 

Sub,:  In  (5) 


^/4)' 


* CT 


"•S3" 
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For  subsonic  exit  flow,  the  exit  Mach  number  must  be  determined  and 


Equation  (8)  is 
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1 

J 

i 

BQPATIOHS  FOR  PERPORi!AKClS  CHARACT '.RISTICS 

A. 

When  the  base  pressure,  Pg,  exceeds  atmospheric  pressure, 

F ' = -i-  ( | ) f>.  /44 

(1) 

f.  = o./72|IY5ao 

(2) 

Subs 

for  m^,  m , p 

Alp  Speolfio  Impulse  (S^^)  %£^z.  ^ (3) 

Specific  Fuel  Consumption  ^ 

riuj^ 

(4) 

Thrust  Cosffloisnt  (G  ) • 

044^ 

(5) 

s A.7/ 

t;*  = M.*  r?*t. 

(6) 

Sub. 

for  and  in  (6) 

(7) 

•MS A_  rs.  . S C ^ a . _ ^ 

xnmmv  por  c«ngxne  s jc~  6^ 

*i/s; 

(S) 

B. 

When  the  base  pressure,  p , is  less  than  the  atmospheric 

8 

press\ire,  p^. 

, 

The  actual  pressure,  p^,,  at  which  flow  separation 

actually  occurs  is  obtained  from  a curve  of 

'ft' 

5^  versus 
4 
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for  axporimontal  results  on  rocket  nozzles  (Ref*?tf )i 
Using  this  correlation,  Pg,»  P®  obtained  and  the  ratio 
formed  which  then  determines  the  area  ratio  ^^7 
from  one  dimensional  flow  tables  at  the  right  Y • 

Base  Drag  s (Aa*  AgO 

Tigp  gives  the  fractional  amotint  of  the  atmospheric  pres- 
sure which  Is  present  over  the  base  of  a high  sp>eed  body— 
generally  shown  versus  the  Mach  number  (Ref.  3 ) 

Using  2 for 

In  addition,  thez*e  is  a pressure  thrust  loss  due  to  the 
expansion  of  the  flow  to  a pressure  lower  than  atmospheric 
over  the  nozsla  cross  sectional  area  to  which  the  flow 
expands. 

Pressure  thrust  - 


Sub  for  D 


5 -fi/j- 


" 

The  formulas  for  and  are  unchanged* 


(9) 
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In  Section  I And  Appendices 
Symbols: 


Description 


area,  square  feet 


^ sonic  velocity,  ft/aec 


thrust  coefficient,  dimensionless 
Specific  Fuel  Consumption,  hours 
thrust,  pounds 


p 

acceleration  of  gravity,  ft/sec 


molecular  weight 
Mach  number,  dimensionless 
mass  flow,  slugs/sec 
pressure  ratio,  dimensionless 
total  pressure,  psia 
static  pressure,  psia 
dynamic  pressure,  psia 


- gas  constant  ■ 

5 - - - - - - - - impulse,  sec. 

7".  ------  - total  temperature,  °R 


owttwxu  ooifippi*a  ucu'o ^ n 


Jr'-------  - velocity,  ft/sec 

weight  flow,  pounds/sec 
characteristic  mass  flow  = — 

- laentroplc  gas  exponent,  dimensionless 

- density,  pounds/cu,  ft 

, dimensionless 
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» dimensionless 
efficiency 


pressure  drop  fraction  = 

Subscripts 

0,  1,  2,  3i  etc.  --  flow  station  numbers  (Pig.  1) 
it  - - - - air 

- compressor 

^ fuel 

n • ~ - noz£lo 

- turbine 

ffF > base  pressure 


In  Section  II 
Symbols : 


B 


Description 

s|  ^ 

wing  mean  aerodynamic  chord  - ft 


Cp -------  - total  drag  coefficient 

Cp.-  -------  induced  drag  coefficient  based  on  S . 

c 

trimmer  induced  drag  coefficient  based  on 

“ "*"*"**  ^ “*  LA.L'CL^  OL^OA  X xOa37i^  clu  ^ ^ waSOd  Or*  ^ 

Cp-  -------  akin  friction  coefficient  based  on  wetted 

area 


incompressible  skin  friction  coefficient 
lift  coefficient 


- --  --  --  - lift  coefficient  at  end  of  cruise 
Ct  --------  lift  coefficient  at  start  of  cruii 
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% - - lift  coi'fficient  where  is  maxitniia 

C^„“  - - - - - - ~ trlmer  lift  coefficient  based  on 
* trimmer  area 

-------  pitching  moment  coefficient 

“ pitching  aoment  about  center  of  gravity 

O-------  - drag  - lbs 

/k  lbs  fuel  I 

t specific  fuel  consumption  = • Hour" ir  thrul 


h 

K 


altitude  - feet 

increase  of  induced  drag  factor  due 

to  the  Induced  drag  of  the  trimmers 


Lj-  -------  normal  aerodynamic  force  produced  by  tri 

^ 

u 

M - — - 

!? 


mmevs 


lift-drag  ratio 
Mach  number 

mass  of  missile  - slugs 

moment  arm  of  trimmer  normal  forces  about 
the  center  of  gravity  of  the  missile 


A- 


range  - miles 
Reynolds  number 


- wing  area  - projected  - ft^ 


5' 

7"- 

y • 

w- 

V/r 
S 


% 


exposed  trimmer  area  - ft^ 
thrust  - Ibe 

missile  velocity  - ft/sec 

missile  weight  - lbs 

missile  weight  at  start  of  cruise 

missile  weight  at  end  of  cruise  - empty 
weight 

rate  of  climb  - ft/s«c 
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■77--  -------  rate  of  change  of  pitching  - moment  co- 

efficient  with  lift  coefficient 

.. - -------  induced  drag  factor  based  on  S . 

- --  --  --  - rate  of  change  of  lift  coefficient  with 

angle  of  attack  taeasured  at  aero  lift 

0(------>  - angle  of  attack 
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Aaaxaied 

Value 

Teat  ValtM 
Obtaixwd 

20 

20.1 

82 

82.0^ 

BZ.Si 

81. 73^ 

97. SK 

95. Oi 

9$f 

97.0* 

80fl 

B8% 

.oil- 

.07 

.06 

.15 

Note:  at  zero  Mach  cumber 
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TABLE  III 

MISSILE  VOLUME  & WEIGHT  RKtiUIREMENTS 

Missile  Type 
Twin  Engine  Slnal^ 


Warhead 

8000  lbs 

4.000  lbs 

Guidance 

2500  lbs 

2000  lbs 

Turbojets 

8lf00  ].bs 

4200  lbs 

Structxiral 

(Including  fuel  tanks) 

6500  lbs 

3000  lbs 

Empty  Weight 

25I1OO  lbs 

13200  lbs 

Fuel 

51000  lbs 

26000  lbs 

Plying  Weight 

?6if00  lbs 

39200  lbs 

Rocket  Booster 

7600  lbs 

4.000  lbs 

Total  Take- off  Weight 

84.000  lbs 

4.3200  lbs 

Warhead 

250 

cu.ft. 

125 

cu.ft. 

Diffuser 

375 

cu.f t. 

150 

cu.ft. 

Engines 

625 

cu.ft* 

315 

cu.ft. 

Fuel 

990 

cu*ft. 

505 

cu.ft. 

Air  IXxct 

350 

cu.ft. 

14.0 

cu .ft . 

Guidance 

60 

cu.ft. 

50 

cu.ft. 

Total  Volume  of  Fuselage 

2650 

cu.ft. 

1285 

cu.ft. 
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